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Abstract 
Based on the embedded atom method (EAM) and molecular dynamics (MD) method, the 
deformation properties of Cu nanowires with different single defects under dynamic compression 
have been studied. The mechanical behaviours of the perfect nanowire are first studied, and the 
critical stress decreases with the increase of the nanowire’s length, which is well agreed with the 
modified Euler theory. We then consider the effects to the buckling phenomenon resulted from 
different defects. It is found that obvious decrease of the critical stress is resulted from different 
defects, and the largest decrease is found in nanowire with the surface vertical defect. Surface 
defects are found exerting larger influence than internal defects. The buckling duration is found 
shortened due to different defects except the nanowire with surface horizon defect, which is also 
found possessing the largest deflection. Different deflections are also observed for different 
defected nanowires. It is find that due to surface defects, only deflection in one direction is 
happened, but for internal defects, more complex deflection circumstances are observed. 
Keywords: Nanowires, Compression, Defect, Buckling, Deformation Mechanism 
1. Introduction 
Nanowires have attracted considerable attentions in the past decade due to their extraordinary mechanical, 
electrical, optical and other properties [1]. Such distinct properties have enabled nanowires possessing wide 
potential applications, such as the application in solar energy conversion devices [2], the fundamental building 
blocks of nanoelectromechanical systems (NEMS) [3]. We have seen massive experimental studies been carried 
out by the scientific community to investigate their remarkable properties. For example, Hoffmann et al. [4] 
conducted the atomic force microscope (AFM)-based bending experiments to measure the fracture strength of 
silicon nanowires that grown on a [111]  substrate. Recently, the AFM measurements of the length of Au 
nanowire structure during extension and compression cycles have demonstrated that the experiments provide 
direct evidence for the mechanism underlying the plastic deformation of a nanowire [5].  
Unfortunately, controlling experimental test conditions at the nanoscale is supposed facing with inherent 
complexities and unknowns [6]. Furthermore, the absence of inner deformation processes in experimental 
studies has greatly impeded the basic understanding of the deformation mechanism of nanomaterials. These 
weaknesses have led extensive employments of numerical studies. Affluent numerical studies have been 
dedicated to explore the mechanical behaviour of nanowires, e.g. the size and strain rate effects during tensile 
deformation of Cu nanowires [7] and Ag nanowires [8],  the mechanical responses of nanowires under torsion [9] 
and bending [10, 11] have been studied. Recently, the surfaces are found exerting great influences on the 
structure and properties of nanowires [12]. Researchers reported the surface-stress-induced phase transformation 
[13], pseudoelastic behaviour [14] and a novel memory effect [15, 16] in nanowires, which are believed 
originating from the nanowires’ significant surface-to-volume ratio. To investigate into this issue, a lot of 
numerical works have been conducted. For instance, a surface Cauchy-Born approach is proposed by Park et al. 
[17, 18] to model FCC metals with nanoscale dimensions to address the surface’s significant effect to the overall 
mechanical response. 
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In real engineering applications, different kinds of imperfections such as impurities, grain boundaries, 
surface defects, nano-cavities and others are always existed in materials, these imperfections may be induced 
during the fabrication or manufacturing processes. Because of the extremely small scale, the defects appear as 
one of the most influential factors in determining the nanomaterials’ properties. For example, Tyagi et al. [19] 
reported the propagation of cracks through the system and degradation of mechanical behaviour of 
nanocomposites coatings due to significant stress concentrations that occur at the tip of notches in the surfaces. 
It appears that, studies of the defect’s effect are crucial to enhance the utility of nanowires. Some numerical 
studies of defects on nanowires have been reported, for example, the investigation of the deformation 
mechanism and mechanical tensile behaviour of the twinned metal nanowires [20, 21], which demonstrated the 
effect of grain boundaries. However, according to the authors best knowledge, systematic investigations of the 
defect’s effect on nanowire’s properties is still lacking, such as different defects’ effect on the mechanical 
behaviours of nanowires under compression, bending or vibration, this area still calls for significant 
development. 
Therefore, in this work, we will employ the molecular dynamics (MD) simulation to study the buckling 
phenomenon of defected nanowires under compression. Several works have already perused the mechanical 
behaviour of perfect nanowires under compression, effects of temperature, strain rate and size are studied [22, 
23]. We find the Euler theory is always employed by previous researchers, though the critical stress obtained 
from MD are reported possessing same changing tendency with Euler theory, obvious difference of the values is 
still observed. Thus, during this work, the modified Euler theory proposed by Wang and Feng [24] will be 
discussed, which takes the surface effect into consideration, and is supposed to agree better with the MD results 
than the traditional Euler theory. Six different surface and internal defects will be considered, which are chosen 
according to our previous work [25], the defect’s effect to the buckling phenomenon will be extensively studied.   
2. Numerical Implementation 
MD simulations are carried out on single-crystal Cu nanowires under the compression deformation. The 
square cross-section nanowire with the initial atomic configuration positioned at the FCC lattice site has been 
considered, and the x , y , z  coordinate axes represent the lattice direction of [100] , [010] , [001] , respectively. 
The size of the specimen is denoted as a a L  , where a  is the cross-section size, and L  is the length. Three 
groups (Group 1, 2 and 3) of perfect nanowires and one group (Group 4) of defected nanowires as listed in 
Table 1 have been considered, with six different cases in each group. The perfect nanowire model and the six 
defected cases are illustrated in Fig. 1, and the defects are generated by removing the same amount of atoms in 
the surface and the internal of the nanowire. Non-periodic boundary condition is applied. The nanowires are first 
relaxed to a minimum energy state using conjugate gradient energy minimization and then the Nose-Hoover 
thermostat [26, 27] is employed to equilibrate the nanowires at 0.01K.  
 
Fig. 1.The simulation models: (a) Perfect nanowire; (b) Case 1: with surface horizon defect; (c) Case 2: with surface vertical defect; 
(d) Case 3: with surface 45o defect; (e) Case 4: with internal horizon defect; (f) Case 5: with internal vertical defect; (g) Case 6: with 
internal 45o defect.  
The following embedded-atom-method (EAM) potential [28, 29] as developed for copper by Mishin [30] is 
used to describe the atomic interactions during these simulations, which can reliably predict the material 
stacking faults energies and stability of nonequilibrium structures of Cu. 
1( ) ( )
2tot i iji i j
E F V r    , ( )i ij
j
r                                                                                               (1) 
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Here V , F ,   are the pair potential, the embedded energy, and the electron cloud density, respectively. i , j  
are the number of atoms, and ijr  is the distance between them. The equations of motion are integrated with time 
using a Velocity Verlet algorithm [31]. Simulation models are divided into three regions (A, B and C), as shown 
in Fig. 1(a). Regions A and C contain five fixed atomic layers to mimic the two ends fixed conditions, and 
region B composes of free atoms which is the actual deformation part of the nanowire, thus, the length of the 
nanowire L  is actually the length of region B. The compression loading is performed by fixing region A, and 
displacing region C in the axial direction at a constant strain rate.  
Table 1.Simulated nanowires with the size as a a L   (unit: nm) 
Group a L Description 
1 2.166 10.83,14.44,21.66,28.88, 36.10, 43.32 Perfect nanowire 
2 2.888 10.83,14.44,21.66,28.88, 36.10, 43.32 Perfect nanowire 
3 3.610 10.83,14.44,21.66,28.88, 36.10, 43.32 Perfect nanowire 
4 2.166 28.88 Six different defects 
3. Deformation analysis 
Previous researchers have employed the traditional Euler theory to compare the critical stress with the MD 
results, although they reported that the changing tendency of the critical stress obtained from Euler theory is 
consistent with that from MD, obvious difference is still observed, such as the results presented by Jing et al. [22] 
and Wang et al. [32]. As aforementioned, the surface exerts significant influence to nanowire’s properties, 
which we believe is one of the origins that lead the above discrepancy. Therefore, to embed the surface effect to 
the Euler theory, in this work, we will employ the modified Euler theory (M-Euler) proposed by Wang and Feng 
[24] to predict the critical stress. The M-Euler theory is derived from a modified differential equation of the 
buckling deformation of the column, which takes account of the influence from the surface elasticity and the 
residual surface tension. According to the M-Euler theory, the critical load of axial buckling of a nanowire is 
given as: 
2
2
( )
cr
EIP H
L


                                                                                                                                           (2) 
Where, L  is the length of the nanowire,   is a dimensionless constant depending on supporting conditions at 
two ends. For the square cross-section nanowire with the cross-section as a a , the effective flexural rigidity 
( )EI   is given by [33, 34]: 
 4 31 2( )
12 3
sEI Ea E a                                                                                                                                     (3) 
Where E  is the bulk Young’s modulus, sE  is the surface Young’s modulus. H  is derived from the residual 
surface tension 0 , which is given as [33, 34]: 02H a . Thus, according to Eq. 2 and 3, the critical stress can 
be derived as: 
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Here, S  is the cross-section area,   and   are the function of a , E , sE  and 0 . For nanowires with the 
same cross-section size,   and   are constants. Therefore, in the following section, Eq. 4 will be employed to 
compare the results from MD.  
3.1 Perfect nanowire 
The stress-strain curves of Group 1 with the cross-section size as 2.166 2.166nm nm  under compression 
are shown in Fig. 2(a). The same as previous work [23, 35], the stress increases with the increase of strain, and 
decreases after passing a threshold value, then fluctuations are followed with further compress. These threshold 
values are taken as critical stresses and the related strains are referred as critical strains, as pointed out by 
rectangle makers in Fig. 2(a). According to atomic configurations, we find that nanowires with different lengths 
exhibit different deformation modes. Specially, we observe yielding of nanowire with the length of 10.83nm, but 
obvious buckling phenomena for nanowires longer than 21.66nm. Further, we find, for the long nanowire, the 
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buckled shape is remained until the strain achieved a particular value, after which dislocations begin to generate. 
These particular strain points are referred as dislocation strains, as highlighted by circle markers in Fig. 2(a). For 
comparison convenience, we define the buckling duration as the difference between the critical strain and 
dislocation strain. Obviously, from Fig. 2(a), shorter nanowires appear shorter buckling durations. 
The comparison between critical stresses obtained from MD and fitted by M-Euler function for Group 1~3 
are given in Fig. 2(b). As can be seen, for nanowires with the slenderness ratio ( L a ) larger than 10, the values 
given by M-Euler function are very close to the values obtained from MD. However, large differences are found 
for the slenderness smaller than 10 between the values given by MD and M-Euler function. This is reasonable, 
as M-Euler theory only predicts the critical buckling stress, and the failure mode of nanowire under compression 
changes from buckling to yielding mode when the slenderness decreases. As reported by previous work [23], 
from Fig. 2(b), we also find that, for nanowires with the same length, the critical stress increases with the 
increasing of cross-section size. In all, the M-Euler function is found well fitted to the MD results. 
 
Fig. 2.(a)The stress-strain curves of Group 1 with cross-section size as 2.166nm×2.166nm; (b) The comparison of the critical stress 
obtained from MD and fitted by M-Euler function. 
3.2 Defected nanowires 
To investigate the defect’s effect to the buckling phenomenon of nanowires, we consider nanowires of the 
same length with different defects in Group 4. The nanowire length of 28.88nm  is chosen as it appears obvious 
buckling phenomenon which would be easier to distinguish the defect’s effect. Basically, according to Fig. 3(a), 
we find the schematic of the stress-strain curve of the defected nanowire is similar as that of the perfect 
nanowire, like the stress increases with the increases of strain during the elastic region, and an obvious threshold 
value is found. It is interested to find that elastic regions of stress-strain curves of the defected nanowires are 
almost coincident with the curve of the perfect nanowire, which means if the Young’s modulus is directly 
obtained from the stress-strain curve, we will get approximate same Young’s modulus for all defected 
nanowires, indicating the Young’s modulus is insensitive to defects. This insensitive property of Young’s 
modulus has also been concluded in our previous work [25] when we investigated the defect’s effect to the 
tensile properties of nanowires. After reaching the critical strain, the buckling phenomena are observed in all 
defected cases. From Fig. 3(a), we find obvious decrease of the critical stress due to different defects. However, 
different defects appear different degrees of influence. The largest decrease is found in Case 2 with the surface 
vertical defect, but Case 5 with the internal vertical defect leads to the least decrease. Furthermore, the lowest 
three stress-strain curves in Fig. 3(a) are found from three surface defected nanowires, which suggests that 
surface defects exert larger influence than internal defects.  
The critical and dislocation strains of Group 4 are presented in Fig. 3(b). The critical strain shares the same 
decrease tendency with the critical stress, and different defects’ influences to dislocation strains are observed, 
which induce different buckling durations. From Fig. 3(b), we find the perfect nanowire exhibits the largest 
critical strain and dislocation strain, and Case 2 with the surface vertical defect has the smallest critical strain 
and dislocation strain. The buckling durations of defected nanowires are observed shortened except Case 1 with 
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the surface horizon defect. The shortest buckling duration is observed for the nanowire with the surface 45o 
defect.  
To investigate the defect’s effect to the buckling phenomenon of the nanowire, atomic configurations of 
different defected nanowires and the perfect nanowire at dislocation strain points are presented in Fig. 4. 
According to continuum mechanics [36], the equation of the deflection curve involves sine and cosine function, 
and the curve is symmetric about the midpoint. For the two ends fixed against rotation column, the first mode 
buckled shape of the deflection curve has inflection points at distances 4L  from the ends, and half wave shape 
for the middle portion. From Fig. 4, we find all cases have the exact first mode buckled shape except Case 6 
with internal 45o defect, from which we find two half-waves shape in the middle portion of the buckled 
nanowire. As illustrated in Fig. 4(g), we expect that the internal 45o defect has played a role of energy barrier, 
which impeded the transmission of the deformation, and results the two half-waves buckled shape. 
 
Fig. 3.(a) The stress-strain curves of Group 4 with different defects on the same length of nanowire; (b) The critical & dislocation 
strains of Group 4. 
 
Fig. 4.Atomic configurations at the dislocation strain point: (a) Perfect nanowire; (b) Case 1; (c) Case 2; (d) Case 3; (e) Case 4; (f) 
Case 5; (g) Case 6. 
The estimated deflection values of different cases in Group 4 are listed in Table 2. Firstly, nanowires are 
observed deflected in different directions. We find the perfect nanowire and Case 5 and 6 have the deflections in 
both x  and y  directions, for the rest four defected cases, only one direction deflection is observed. As shown in 
Fig. 1, the surface defects (Case 1, 2 and 3) are located on the (010)  planes, which we think have lowered the 
flexural rigidity ( )EI   of the (010)  plane, hence, only the deflection in the y  direction ( [010]  direction) is 
observed. However, for internal defects (Case 4, 5 and 6), as they are located on the centro-plane of the 
nanowire, thus, the effects to the flexural rigidity appear more complex than surface defects. Actually, according 
to the deflection values in Table 2, we find only the deflection in the x  direction is happened for Case 4, means 
the internal horizon defect has deteriorated the flexural rigidity in the (100)  plane. In Case 5, defections in both 
x  and y  directions are observed. We can assume that, as the internal vertical defect is right on the centro-axis 
of the nanowires, which should exert same influence to the flexural rigidity in both x  and y  directions due to 
the symmetry of the nanowire’s structure. In Case 6, the 45o defect can be divided into a vertical and horizon 
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component, thus, as in Case 4, the horizon component will decrease the flexural rigidity in the (100)  plane, 
therefore, larger deflection in the x  direction is observed as shown in Table 2. Secondly, different degrees of 
deflections are observed in different cases. The largest deflection is found in Case 1 with the value of 11.0 Å, 
followed by a relative large deflection for the perfect nanowire and Case 2. The smallest deflection is found in 
Case 6, which only has 1.97 Å deflection in the x  direction. It is interesting to mention that, comparing with 
buckling durations in Fig. 3(b) and deflection values in Table 2, we find larger deflection value always has a 
longer buckling duration. Conclusively, we find different defects exert different influences to the buckling 
phenomenon. 
Table 2: Deflection values of different cases (unit: Å). 
Deflection Perfect Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 
xf  6.51 0 0 0 3.13 4.73 1.97 
yf  3.24 11.10 8.99 2.88 0 3.40 0.91 
4. Conclusions 
In summary, MD simulations have been carried out to explore the defect’s effect to mechanical properties 
of copper nanowires under compression. Different lengths of perfect nanowires and different defects have been 
considered. Following main conclusions are obtained: 
(1). The critical stress from MD is found well agreed with the modified Euler theory, which takes account 
of the surface stress. 
(2). The Young’s modulus is found insensitive to different defects. 
(3). Obvious decrease of the critical stress is resulted from different defects, and the surface vertical defect 
appears the most influential one. 
(4). Surface defects exert larger influence than internal defects. 
(5). The buckling duration is found shortened due to different defects except the nanowire with surface 
horizon defect, which is also found possessing the largest deflection. 
(6). Different deflections are observed for different defected nanowires. It is found that, for surface defected 
nanowires, only deflection in one direction is happened, but for nanowires with internal defects, more 
complex deflection circumstances are observed. 
In all, this study provides a fundamental understanding of the defect’s effect to mechanical behaviours of 
the nanowire under compression and demonstrates the influence of defects. It will benefit the study of the defect 
on the nanowire, and also the deformation mechanism study under other loading conditions, like torsion, 
nanoindentation and others.  
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